Tin-bismuth-silver alloys are under intense consideration as favorable lead-free solders for consumer electronics and telecommunications. The investigated samples of Ag-Bi10-Sn with Ag content from 3.33 to 10 at.% were prepared both in the traditional bulk form and in the ribbon form by the rapid solidification technique. The electrical conductivity and thermal conductivity, thermoelectric power and viscosity studies were carried out in a wide temperature range above the liquidus. Corresponding fit relations have been derived.
Introduction
On implementation of the EU RoHS and WEEE directives (Ref 1) extensive investigations have been carried out to find lead-free alloys instead of traditional Sn-Pb solders. If a progress has been made in the area of low-temperature lead-free solders (see for example COST-531 (Ref 2), research is seriously lacking in replacements for high-temperature Sn-Pb solder alloys, where the lead contents can be above 85 wt.%. High-temperature solders with melting temperatures above 550 K are widely used in the electronics industry for advanced packing technologies (Ref 3, 4) .
The Ag 4.7 Bi 95.3 eutectic alloy exhibits an acceptable melting point (535.5 K), has hardness similar to that of Pb-5Sn (wt.%), and affordable cost. Thus, it has been suggested as a die attach solder for power devices and light-emitting diode (LED). The development of Ag-Bi solder alloys is still ongoing mainly due to their inferior thermal and electrical conductivity as well as poor workability (Ref 5) .
As the number of binary alloys for high-temperature solders is rather limited, higher-component systems provide an opportunity to engineer alloys with desired physical and mechanical properties. It has been reported that Bi additions to Ag-Sn alloys improve wetting and spreading performance (Ref 6, 7) . At the same time, small additions of a third element such as Ag (of about 2 wt.%) to the Bi-Sn alloys can considerably improve its fatigue life (e.g., see (Ref 8) and references therein). Therefore, a ternary Ag-Bi-Sn system looks to be very promising for the hightemperature soldering .
The development of lead-free solders requires a clear and thorough understanding of their structural properties on the basis of sufficient and reliable thermophysical data. The increasing influence of computational modeling in all technological processes generates an increased demand for accurate values of the physical properties of the materials involved, which are used as fundamental inputs for each model. The solidification process of a liquid alloy has a profound impact on the structure and properties of the solid material. Therefore, knowledge of the thermophysical properties of the molten alloys prior to solidification becomes very important for the development of materials with required characteristics. In this work, the thermophysical properties (electrical conductivity, thermoelectric power, viscosity, thermal conductivity) of the Ag-Bi-Sn alloys with high content of Sn have been investigated over a wide temperature range from 300 up to 1000 K.
Experimental Details
One of the targets of this work is to study and compare properties of selected alloys prepared both in the traditional bulk form and in the ribbon form by the rapid solidification technique. The shape of thin foil or ribbon is convenient for joining of large areas with well-defined joint dimensions, perspectively for joining the metallic matrix composites. The Ag-10Bi-Sn alloys were prepared by melting appropriate amounts of the relevant metals, with 4N+ purity in an induction furnace filled with 4N6 pure argon at approximately 600°C. The samples in the form of metallic ribbon (6 mm wide and 20-30 lm thick) were prepared by the method of planar flow casting in air with quenching rate of about 10 6 K s The electrical conductivity, r(T); thermoelectric power, S(T); thermal conductivity, k(T); and viscosity, g(T), measurements were carried out on the five Sn-based Ag-Bi-Sn alloys (Ag 3 Fig. 1, 2, 3 , and 4. The measured properties of other compositions revealed similar behavior.
Electrical Conductivity and Thermoelectric Power Measurements
Two 4-point method experimental facilities were used for electrical conductivity measurements. The experiments were performed in an argon atmosphere. Graphite electrodes for current and potential measurements were placed in the wall of the vertical cylindrical BN-ceramic measuring cell along its vertical axis. The potential electrodes were provided with thermocouples for temperature measurements. Single thermoelectrodes of these thermocouples were used for electrical conductivity and thermoelectric power determination. The melt temperature was measured by WRe-5/20 thermocouples in close contact with the liquid. The cell construction permits to carry out the electrical conductivity and thermoelectric power measurements simultaneously in one run. For further details of this method and its experimental realization we refer to (Ref 9) . The resultant error of the electrical conductivity measurements is about 2 and 5% for the thermoelectric power determination.
In the course of the conductivity measurements of the solid ribbons, the main difficulty was connected with determination of the ribbon cross-section, which was not fully uniform. For this reason, density of the solid sample has been determined by using the Archimedes principle at room temperature. Knowing the length, width, and mass of the ribbon sample, the volume and later the effective cross-section were determined. Finally, temperature dependence of the absolute electrical conductivity was found. Each composition was measured several times to get reliable data.
Thermal Conductivity Measurements
An experimental arrangement based on the steady-state concentric cylinder method was used for thermal conductivity measurements (Ref 10) . The apparatus comprises two coaxial cylinders (stainless steel, boron nitride-BN or graphite) separated by a gap, into which the melt is poured. A central hole is drilled in the inner cylinder for an internal heater made of a molybdenum wire, wound on an alumina form. The inner heater is used for producing the necessary temperature gradient in the investigated melt layer. The cell is closed by a BN cover, which is sealed with a special compound based on a finely dispersed BN powder. The outer three-section furnace is made of molybdenum wire wound on a BN form. The outer heater produces an overall temperature level, and its upper and lower sections permit regulation of the temperature field over the height of the apparatus. Tungsten-rhenium WR5/20 thermocouples were used in the experiments. Two thermocouples placed in the body of the inner cylinder allow the examination of the temperature distribution over the radius of the apparatus. The coefficient of thermal conductivity can be calculated from the formula for the heat transfer in a cylindrical layer. The design of the apparatus assures a maximum reduction of the heat leakage and of convection. The resultant error of the thermal conductivity measurements is about 7%.
Viscosity Measurements
The measurements of the melts viscosity were carried out using a computer-controlled oscillating-cup viscometer ( 
Results and Discussion

Electrical Conductivity and Thermoelectric Power
The alloys were heated and cooled several times with different rates, but the change of the rate did not affect noticeably the electrical conductivity behavior. The electrical conductivity of all Ag-Bi-Sn alloys in the solid state decreases gradually with heating according to the linear law (see Fig. 1 ). A good agreement between heating and cooling curves has been observed. Heating as well as cooling is accompanied by almost linear changes in the electrical properties and the temperature dependence of r(T) can be well fitted by linear functions of type:
where r R is a conductivity at 300 K and dr dT is a temperature coefficient of conductivity.
Reaching a specific temperature T L close to the value of the liquidus temperature for each composition a deviation from linearity takes place indicating transition to the meltingsolidification region. In the high-temperature range of the liquid state the electrical conductivity behavior is also linear and can be fitted by a similar function
where r L is a conductivity at the temperature T L , when the sample became completely molten. A scattering of the electrical conductivity data r(T) of the investigated alloys in the liquid state is more pronounced than in solids. The electrical conductivity of all studied melts decreases gradually with heating. Table 1 gives the parameters of linear fits for the experimental data plotted in Fig. 1 . As seen, the electrical conductivity at room temperature increases mildly with increasing Ag content while the changes of the temperature coefficient of conductivity are negligible.
The experimental temperature dependences of the thermoelectric power S(T) of the samples in liquid state are presented in Fig. 2 . The thermoelectric power of molten Sn is about À1 to À2 lV/K and remains practically constant over the whole studied temperature range. The
Thermal Conductivity
The temperature dependence of the thermal conductivity, k(T), was measured for liquid Ag-Bi-Sn alloys up to 750 K. As seen in Fig. 3 , the k(T) dependence could be well described by the linear equation:
where k L (T)is the thermal conductivity (in W m À1 K
À1
) at the temperature T L and dk dT is the temperature coefficient of the thermal conductivity.
The parameters of the linear fits are specified in Table 2 . As seen from Fig. 3 , the thermal conductivity increases during heating for all investigated alloy melts according to Eq 3. The absolute thermal conductivity values as well as their temperature dependences suggest a prevalence of the electron heat transfer. These values also prove rather strong gas degeneracy (Ref 12) . In this case the Wiedemann-Franz-Lorenz law (WFL) can be used and the Lorenz number can be determined. Our calculations reveal that the Lorenz number is constant in the investigated temperature range and it is very close to its theoretical (Sommerfeld) value of 2.445 9 10 À8 W K À2 . As shown in Fig. 3 , the experimental thermal conductivity results are consistent with the values calculated from our electrical conductivity data (dashed lines). They are systematically lower, however, within the measurement uncertainty (shown by error bars in Fig. 3 ).
Viscosity
The dynamic viscosity, g(T), of the ternary Ag-Bi-Sn melts was measured during heating and cooling over a wide temperature range above the liquidus. All samples were subjected to at least two heating-cooling cycles. Several experiments with different samples of the same composition revealed good reproducibility of the results. The dynamic viscosity as a function of temperature for the binary alloys is presented in Fig. 4 together with data for pure tin and bismuth.
Although the viscosity of liquid Sn and Bi has been studied repeatedly, the viscosity data reported in the literature show a wide scatter. The data available for these elements as well as the summary of different models and viscosity-temperature relations are collected in (Ref 13).
As reported in (Ref 14) , cooling of the pure Sn and Bi melts is accompanied by an increase of the viscosity according to an Arrhenius-type empirical equation:
where g 0 is a constant (mPaAEs), R is the gas constant (J mol À1 K
À1
), T is the absolute temperature (K), E A is the viscous flow activation energy (J mol À1 ). Table 3 gives the parameters of exponential fits for the experimental data plotted in Fig. 4 .
As seen from Fig. 4 , the viscosities of both elements almost coincide in the high temperature region above approx. 700 K. Approaching the liquidus, the viscosity curve of Bi becomes steeper than that of Sn. It should be noted that the viscosity as one of the most structurally sensitive property does not reveal any peculiarity and exhibits a smooth exponential variation in the entire temperature range all the way down to T L .
Similar g(T) behavior has been revealed also in ternary AgBi-Sn liquid alloys (Fig. 4) . Addition of silver results in the increase of viscosity. The absolute viscosity values of all investigated melts are very close to the viscosity of Sn and Bi in the high temperature region.
Upon cooling the g(T) curves of the Ag-Bi-Sn melts becomes steeper and are consistent with g(T) of pure Bi within the limits of experimental error. The highest viscosity values have been revealed in the Ag 10 Bi 10 Sn 80 liquid alloy.
Summary
Several structure-sensitive properties of Ag-Bi-Sn alloys have been measured in the wide temperature interval above the melting point. The electrical and thermal conductivity change linearly with temperature. A gradual change of the properties suggests a gradual structure rearrangement of local short-range orders in the liquid state. The temperature relations could be recommended as input for thermodynamic simulations. The Ag-Bi-Sn ribbons are not brittle. A shape of thin foil/ribbon of all the compositions studied are elastic enough and convenient for joining of large areas with well-defined joint dimensions, prospectively for joining the metallic matrix composites. The substantiated knowledge of the thermophysical properties of the molten alloys is essential for the development of materials with beneficial structural properties and opens prospects for wide applications, for instance in the electronic industry. 
